Activated protein C (APC), an anticoagulant serine protease, has been shown to have non-hemostatic functions related to inflammation, cell survival, and cell migration. In this study we investigate the mechanism by which APC promotes angiogenesis and breast cancer invasion using ex vivo and in vitro methods. When proteolytically active, APC promotes cell motility/invasion and tube formation of endothelial cells. Ex vivo aortic ring assays verify the role of APC in promoting angiogenesis, which was determined to be dependent on EGFR and MMP activation. Given the capacity of APC to promote angiogenesis and the importance of this process in cancer pathology, we investigated whether the mechanisms by which APC promotes angiogenesis can also promote motility and invasion in the MDA-MB-231 breast cancer cell line. Our results indicate that, extracellularly, APC engages EPCR, PAR-1, and EGFR in order to increase the invasiveness of MDA-MB-231 cells. APC activation of matrix metalloprotease (MMP) -2 and/or -9 is necessary but not sufficient to increase invasion, and APC does not utilize the endogenous plasminogen activation system to increase invasion. Intracellularly, APC activates ERK, Akt, and NFκB, but not the JNK pathway to promote MDA-MB-231 cell motility. Similar to the hemostatic protease thrombin, APC has the ability to enhance both endothelial cell motility/angiogenesis and breast cancer cell migration.
INTRODUCTION
Activated protein C (APC), a liver-derived serine protease [1] has known functions in vivo as an anticoagulant. Zymogen protein C (PC) is localized to the endothelium by binding to endothelial cell protein C receptor (EPCR) [2] . Thrombin bound to the endothelial cell surface by thrombomodulin (TM) [2, 3] , cleaves PC into its active form. Along the periphery of the clot, APC proteolytically inactivates factors Va and VIIIa [4, 5] in the presence of protein S (PS) [6, 7] . In humans, severe thrombophilia occurs with deficiencies in PC or PS and with a mutation in factor Va that prevents its inactivation by APC, known as Factor V Leiden [8] . Recently, in the Recombinant Human Activated Protein C Worldwide Evaluation in Severe Sepsis (PROWESS) Study, patients diagnosed with sepsis and acute organ dysfunction were treated with recombinant human APC, resulting in a mortality reduction of 19.4% [9] .
APC has a role in regulating migration of various cell types. Kobayashi, et al. [10] originally reported APC promotes invasion of ovarian cancer and choriocarcinoma cells only in the presence of the serine protease inhibitor (serpin) plasminogen activator inhibitor-1 (PAI-1). They suggest APC forms a stable complex with PAI-1, thereby removing a potent inhibitor of urokinase plasminogen activator (uPA) from the system [10] . uPA directly activates matrix metalloprotease (MMP)-2 and uPA can also regulate MMP-9 expression [11] [12] [13] , both of which are zinc-dependent proteases that degrade the ECM. Plasmin, which is activated directly by uPA, can also activate both MMP-9 [14] and MMP-2 [15] . Previously, APC has been shown to activate MMP-2 from an intermediate to a fully active protease [16] [17] [18] [19] . In vitro cell culture assays with keratinocytes have shown that APC promotes cell migration by increasing both the expression and activation of MMP-2 [19] . In vivo, APC promotes angiogenesis and wound healing by reducing inflammation, increasing VEGF expression, and increasing MMP-2 [17] .
Beyond its potential for manipulating the activation of MMP's, APC has also been implicated in intracellular signal transduction pathways, which alter proliferation and migration. APC has been shown to increase endothelial cell proliferation and in vivo angiogenesis in a concentration dependent manner through activation of the mitogen activated protein kinase (MAPK), phosphatidylinositol-3 kinase (PI3K), and endothelial nitric oxide synthase (eNOS) pathways [20] . It has also been shown that APC, in the presence of caveolin-1, activates Rac1 through PAR-1 to promote protective barrier signaling in immortalized HUVEC [21] . There is relatively limited data on APC induced signal transduction in cell types outside of endothelial cells. However, it has been shown that in epidermal keratinocytes, APC can stimulate the MAPK pathway via transactivation of the epidermal growth factor receptor (EGFR) [22] .
Our primary objectives in this study were to (1) confirm the role of APC in promoting angiogenesis using both in vitro and ex vivo models; (2) explore the role of MMP and EGFR activation in APC stimulated angiogenesis; and (3) examine the mechanism that accounts for our previous finding that APC can promote motility in MDA-MB-231 breast cancer cells [23] . The results described here provide evidence that MMP and EGFR activation are necessary for APC induced angiogenesis. Furthermore, the results indicate that APC promotes breast cancer cell motility and invasion through pathways similar to those previously reported for endothelial cells and keratinocytes, but different from the mechanism reported for other cancer cells. Specifically, this mechanism involves binding to EPCR, activation of both PAR-1 and EGFR to promote intracellular signaling through MAPK and PI3K pathways, and extracellular interactions with MMP-2 and -9 to support ECM degradation.
MATERIAL AND METHODS

Cell Culture
Human umbilical vein endothelial cells (HUVEC), obtained from Cambrex, were grown according to manufacturer's specifications. Cells were grown in endothelial cell basal media with 2% fetal bovine serum (FBS), bovine brain extract (BBE) with heparin, GA-1000, human epidermal growth factor (hEGF), and hydrocortisone (Cambrex). Assays were performed using the MDA-MB-231 breast cancer cell line obtained from the University of North CarolinaChapel Hill Tissue Culture Facility. These cells were maintained in Minimum Essential Media (MEM; Gibco) with 10% FBS (Sigma), 1% sodium pyruvate (Gibco), and 1% antibiotic/ antimycotic (Gibco). All cells were cultured in an incubator at 37°C, 5% CO 2 .
Immunofluorescence
In the murine ex vivo aortic ring assays, after 5 days in culture, aortic sections were fixed in 4% paraformaldehyde in 1X PBS for 30 minutes on ice. After 2 washes in 1X PBS, the sections were permeabilized with 0.5% Triton X-100 in 1X PBS for 15 minutes on ice. To block any reactive aldehyde groups, the sections were treated with 0.2 M glycine for 20 minutes on ice and washed. Each section was blocked overnight in 10% goat serum in 1X PBS, 1% BSA at 4°C. The following day each section was washed in 1X PBS and then treated with a rabbit polyclonal anti-von Willebrand factor (vWF) antibody (1:50 in 1X PBS, 1% BSA; Dako) or normal rabbit serum, overnight at 4°C. The next day, each aortic section was washed 5 times with 1X PBS, 1% BSA, then allowed to sit in this wash solution overnight at 4°C. Each section was treated with goat F(ab′) 2 anti-rabbit IgG conjugated to Lissamine Rhodamine-B (1:50 in 1X PBS, 1% BSA; BioSource International), covered, and stored overnight at 4°C. Each aortic section was washed 5 times with 1X PBS and stored in 1X PBS, covered at 4°C, until photographs could be taken with the Olympus IMT2 Inverted Flourescence Microscopy using a TRITC filter.
For experiments with MDA-MB-231 cells, cells grown to form a confluent monolayer in 2-chambered slides (Lab Tek II by Nunc) were fixed and stained as previously described [23] without permeabilization. Cells were blocked in 10% goat serum in 1X PBS, 1% BSA for 30 minutes and then treated with mouse EGFR antibody (Upstate) or serum mouse IgG (5 μg/mL; Sigma) for 1 h. After multiple washes in 1X PBS, 1% BSA, cells were treated with sheep antimouse IgG F(ab′) 2 fragment-R-phycoerythrin antibody (1:20; in 1X PBS, 1% BSA) for 1 hour. Cells were then washed multiple times in 1X PBS and stored in 1X PBS at 4°C. Photographs were taken with an Olympus DP70 Microscope Digital Camera with DP70-BSW Software using an Olympus BX51WI fluorescent microscope with a TRITC filter. Photographs were taken at a 200X magnification with the same exposure time.
Tube Formation Assay
In a 24-well plate, wells were coated with Growth Factor-Reduced Matrigel (BD Biosciences) and incubated for 1 h at 37°C. 80,000 HUVEC/well were plated with increasing concentrations of APC (0-10 μg/mL; Xigris®; Eli Lilly and Co.), PC (10 μg/mL Hematologic Technology), APC-DEGR (10 μg/mL Hematologic Technology), or VEGF (100 ng/mL R&D Systems) and incubated at 37°C for 18 h. Photographs were taken at 6, 12, and 18 h using Adobe Photoshop and a Kodak DC290 Digital Camera mounted on an inverted microscope. The number of tubelike structures (defined at a structure no more than 3 cells wide with junction points on each end) were counted in 4-100X views.
Murine Ex Vivo Aortic Ring Assay
Wildtype C57BL/6 (Charles River) mice were maintained by the Veterinary Staff of the University of North Carolina at Chapel Hill Department of Laboratory Animal Medicine and all mouse protocols were reviewed and approved by the University's Institutional Animal Care and Use Committee (IACUC).
Based on previous work [24] , male and female mice, at varying ages, were anesthetized with 1.25% tribromethanol (0.2 mL/10g) and monitored by toe reflex response and respiratory rate. Once properly anesthetized, an incision was made midline and the organs were removed to expose the aorta from the heart to the renal arterial branch point. The aorta was dissected from the heart to the split for the renal arteries. The dissected aorta were placed in a 100 mm dish containing Dulbecco's Modified Eagle Media (DMEM; Gibco) with 1% antibiotic/antimycotic (Gibco) and cleaned of connective tissue and fat. Cleaned aortas were then sectioned into 1-2 mm pieces and placed into a new 100 mm dish containing DMEM with 1% antibiotic/ antimycotic and allowed to incubate for approximately 1 h at 37°C, 5% CO 2 until implantation. In a 48-well plate, 200 μL of Growth Factor-Reduced Matrigel was plated in each well and placed in an incubator at 37°C, 5% CO 2 for 10 minutes. One aortic section per well was placed on top of the gelatinized Matrigel, covered with an additional 200 μL of Growth FactorReduced Matrigel, and incubated for 10 minutes. 200 μL of endothelial basal media with 2% FBS, BBE with heparin, GA-1000, hEGF, and hydrocortisone (Cambrex) was added to each well with either no additional treatment (negative control), 100 ng/mL VEGF (positive control), or increasing concentrations of APC (0-10 μg/mL). To eliminate any effects of thrombin on sprout formation, 50 nM of hirudin was added to the aortic sections with or without APC (10 μg/mL). To determine if the active form of APC was needed to increase sprout formation, aortic sections were also treated with PC (10 μg/mL) with or without hirudin (50 nM) or APC-DEGR (10 μg/mL). In studies looking at EGFR, PI3K, and MMPs, pharmacological inhibitors, AG 1478 (10 μM;Biomol) [25] , LY 294002 (10 μg/mL; Biomol) [26] , and GM 6001 (10 μg/ mL;Biomol) [27] , respectively, were added to the aortic sections 30 minutes prior to the addition of APC (10 μg/mL). Every 24 h for 5 days, media from each well was removed and replaced with fresh conditioned media. On days 3-5, the number of sprouts extending form the periphery of the aortic sections was counted and digital photographs were taken using Adobe Photoshop and a Kodak DC290 Digital Camera mounted on an inverted microscope.
Western Blots
25 μg total protein from cell lysates created in complete RIPA buffer were run on 12% SDS-PAGE gels and transferred onto PVDF (Millipore). Cell lysates were probed for P-ERK1/2 (Santa Cruz Biotechnology), total ERK2 (Santa Cruz Biotechnology), P-Akt (Cell Signaling), total Akt (Cell Signaling), P-c JUN (Cell Signaling), total c JUN (Cell Signaling), IκB-α (Cell Signaling), MMP-2/9 (Chemicon), tubulin (Sigma), and actin (Santa Cruz Biotechnology).
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) Assays Using Epidermal Growth Factor
MDA-MB-231 cell viability was measured using a MTT assay. 10,000 cells/well were plated in a 96-well plate, incubated overnight at 37°C, 5% CO 2 . Cells were treated with SFM containing 1% sodium pyruvate, 1% antibiotic/antimycotic with mouse EGFR antibody or mouse serum IgG for 15 min followed by the addition of recombinant hEGF (1nM final concentration; Invitrogen). After a 48 h incubation, cells were treated with SFM with 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (0.5 mg/mL; Sigma) for 2 h. DMSO was added to each well to dissolve the formazan crystals formed by living cells for 15 min at 37°C, 5% CO 2 . The absorbance of each well was read at 560 nm.
Transwell Invasion and Chemotaxis Assays
Migration was evaluated as previously described using the transwell invasion and chemotaxis assays [23, 28, 29] . For endothelial cells, the chemotactic agent, 1 ng/mL VEGF (R&D Systems) in culture media was added to the well. 50,000 cells/insert were treated with increasing concentrations of APC (0-10 μg/mL; Xigris®; Eli Lilly and Co.) in culture media and added to the insert. Endothelial cell invasion and chemtoxis assays were both incubated for 24 hr. MDA-MB-231 cells, also plated at 50,000 cells/insert, migrated towards 10% FBS (the chemotactic agent) containing media. Chemotaxis assays for the breast cancer cells were incubated for 12 h, while the invasion assays were incubated for 24 h. All experiments were done at 37°C, 5% CO 2 . Blocking antibodies used to study receptors potentially bound by APC were plated with the cells and allowed to incubate at room temperature for 15 min prior to the addition of APC. These antibodies include mouse EPCR antibody (JNK 1494; provided by Dr. Charles T. Esmon, OMRF, Oklahoma, OK), mouse PAR-1 antibodies (atap2 and wede15; Zymed and Immunotech, respectively), mouse EGFR antibody (Upstate), and mouse serum IgG (Sigma). Blocking antibodies used to study the role of the plasminogen activation system, including goat PAI-1 antibody (American Diagnostica), mouse uPA antibody (American Diagnostica), and serum mouse or goat IgG (Sigma), were plated with the cells and allowed to incubate at room temperature for 1 h prior to the addition of APC. Amiloride, an inhibitor of uPA, was also preincubated for 1h with the cells. Pharmacological inhibitors that block specific signaling pathways were plated with the cells and allowed to preincubate at room temperature for 1 h. These compounds include PD 98059 (Biomol), LY 294002 (Biomol), and SP 600125 (Biomol). Finally, inhibitors for MMPs, GM 6001 (Biomol) and SB-3CT (Biomol) were plated with the cells and preincubated for 15 min prior to the addition of APC. To determine if selective inhibitors of MMPs were affecting APC activity levels, conditioned media from the transwell assays were tested for APC activity using an APC-specific chromogenic substrate (final concentration of 0.15 mM; Centerchem) as previously described [23] .
Quantitative PCR
Serum starved MDA-MB-231 cells at ~85% confluence were serum starved for 24 h, then treated with SFM containing increasing concentrations of APC (0, 100 ng/ml, 1 μg/ml, 10 μg/ ml). After isolation through Trizol (Invitrogen), RNA was reverse transcribed using M-MLV reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed using SYBR Green Dye (Applied Biosystems) and the following protocol: 5 minute initial denaturation step at 95°C, followed by 40 cycles of 95°C for 20-s, 55°C for 1 min, and 68°C for 30-s. Using β-actin as a loading control, results were interpreted by the relative quantity method (ΔΔCt) as described [30] . Primer sequences were: MMP-2 sense 5'-ATAACCTGGATGCCGTCGT-3', MMP-2 anti-sense 5'-AGGCACCCTTGAAGAAGTAGC-3', MMP-9 sense 5'-CGGTGATTGACGACGCCTTT-3', MMP-9 anti-sense 5'-ACCAAACTGGATGACGATGTCTG-3', β-actin sense 5'-ATCATGTTTGAGACCTTCAA-3', and β-actin anti-sense 5'-CATCTCTTGCTCGAAGTCCA-3'.
Statistical Analysis
For each transwell experiment, conditions were done in duplicate or triplicate and averaged. Averages of each condition were compared to No Treatment, APC alone, or blocking antibody/ inhibitor alone. Experiments were repeated as indicated in the figure legends and averaged together. Results show the percentages compared to No Treatment, which is set to 100%. Statistical analysis was performed on each comparison -to No Treatment, APC, or blocking antibody/inhibitor -using a one sample T-test with a normal distribution, a theoretical mean of 100, and significance of p < 0.05. For quantitative real time PCR, ΔΔCt values were averaged from three independent experiments and compared to a theoretical mean of 1, also using a one sample T-test, p<0.05.
RESULTS
APC Promotes Endothelial Cell Motility and Angiogenesis
Given the previous reports in vivo that APC may directly promote angiogenesis, we were interested in closely examining this phenomenon using an in vitro and ex vivo models in parallel. For the in vitro model, HUVEC were treated with increasing concentrations of APC in the transwell chemotaxis and invasion assays, with VEGF (1 ng/mL) as the chemotactic agent. As seen in Figure 1A , APC optimally promoted invasion at 0.1 μg/mL and chemotaxis at 0.5 μg/mL. Notably, this APC-promoted increase in invasion and chemotaxis occurs at concentrations that are below the physiological level of PC found in plasma (~4 μg/mL). The highest concentration of APC (10 μg/mL) used in this assay actually reduced both invasion and chemotaxis of HUVEC compared to No Treatment. These results suggest that, in these experimental conditions, HUVEC invasion and chemotaxis are increased at a physiologically relevant concentration of APC, but are inhibited at much higher levels.
HUVEC plated onto growth factor-reduced Matrigel will form a network of tube-like structures, defined as 1-3 cells wide with junction points at both ends (as seen in Figure 1B , No Treatment). Upon the addition of a pro-angiogenic factor, VEGF, HUVEC will form an increased number of stable tube-like structures ( Figure 1B , VEGF treatment). As with the transwell assays, treatment with increasing concentrations of APC (0-10 μg/mL) increases the formation of tube-like structures by 130% at an optimal concentration (1 μg/mL) and at an optimal timepoint (12 h) ( Figure 1C ), similar to the effects of VEGF (data not shown).
To determine if the effects of APC on tube formation are due to its proteolytic activity, HUVEC were also treated with 2 inactive forms of APC, the zymogen PC (1 μg/mL) and the chemically inactive protease, APC-DEGR (1 μg/mL). At 12 h, only the active protease is able to significantly increase the formation of tube-like structures by 135% compared to No Treatment ( Figure 1B and C) . These results suggest that APC must proteolytically cleave another protease or receptors in order to increase the formation of tube-like structures.
For the ex vivo model we utilized the murine aortic ring assay. In this assay, murine aortic sections produce sprouts composed of endothelial cells along the periphery of the vessel that will lengthen and branch over time. Upon treatment with a pro-angiogenic factor, such as VEGF, there will be an increase in the number of endothelial cell sprouts, the length of the sprouts, and their ability to survive in culture. As seen in Figure 1D , increasing concentrations of APC (0-10 μg/mL) increased sprout formation around each section compared to No Treatment. Only the highest concentration of APC (10 μg/mL) was able to significantly increase the amount (300-400% compared to No Treatment) of sprouts earlier (Day 3) than VEGF (Day 4). Immunofluorescence staining for vWF, an endothelial cell-specific marker, was done to verify that the cells responding to APC treatment were in fact endothelial cells. As seen in Figure 1E , both VEGF and APC were able to increase sprout formation of vWFpositive endothelial cells. Therefore, APC increased the formation of endothelial cell sprouts on murine aortic rings similar to the pro-angiogenic factor, VEGF.
To determine if the effects shown with APC are specific for this protease and not another serine protease, thrombin, aortic sections were also treated with hirudin (50 nM), a potent and specific inhibitor of thrombin that has been previously shown to inhibit thrombin-promoted cell migration [23] . As seen in Figure 1F , at day 4, APC increases sprout formation 300-400% compared to No Treatment, in the presence and absence of hirudin. The effects of hirudin alone are not significant. Further, PC, PC/hirudin, and APC-DEGR did not significantly increase sprout formation over No Treatment ( Figure 1F) . Therefore, APC promotes endothelial sprout formation, independent of any thrombin present in this assay.
APC promotes angiogenesis through MMP and EGFR activation
Having shown APC promotes angiogenesis in both our in vitro and ex vivo models, we examined whether the response is due to activation of MMP and EGFR, as it has been reported both are involved in APC mediated motility and proliferation in keratinocytes [19] . To determine if MMPs are important in APC-promoted angiogenesis, the general MMP inhibitor, GM 6001, was used in the ex vivo murine aortic ring assay. Compared to No Treatment, there was no effect of GM 6001 on sprout formation at day 4 ( Figure 2A ). APC alone increases sprout formation 400% compared to No Treatment. When the aortic sections were treated with APC and GM 6001, there is no longer an increase over No Treatment as seen with APC alone, suggesting GM 6001 blocks the effect of APC on endothelial cell sprout formation ( Figure  2A ). Sprouts that form around the periphery of the aortic section treated with GM 6001 and APC are neither as numerous, nor as long as the ones that form with APC treatment alone. Taken together, these results imply that APC promotes angiogenesis through MMPs.
To determine if EGFR activation is involved in APC promoted angiogenesis, murine aortic rings were treated with a chemical inhibitor, AG 1478, that blocks ligand binding to EGFR. As seen in Figure 2B , at day 4, AG 1478 alone reduces the formation of sprouts because of the importance of this receptor in angiogenesis. If EGFR is not important to the mechanism utilized by APC to increase endothelial cell sprout formation, then APC treatment with the inhibitor would be expected to have increased sprout formation relative to inhibitor treatment alone. However, in the presence of AG 1478, APC is unable to increase endothelial cell sprout formation relative to the number of sprouts with AG 1478 alone. Therefore, EGFR is involved in the mechanism utilized by APC to increase angiogenesis.
APC Promotes MDA-MB-231 Breast Cancer Cell Invasion through EPCR and PAR-1
It has been well documented that APC's ability to promote angiogenesis and alter signaling is dependent on binding to cell surface receptors EPCR and PAR-1. Previously, we showed that APC binds to both EPCR and PAR-1 to increase chemotaxis of the MDA-MB-231 breast cancer cell line [23] . To further examine the role of these receptors in the overall motility of breast cancer cells, we studied the effects of blocking EPCR and PAR-1 in the transwell invasion assay. Addition of a blocking antibody to EPCR abrogated the effects of APC on invasion compared to APC treatment alone ( Figure 3A) . The PAR-1 blocking antibodies wede15 and atap2 also hindered the effects of APC, reducing the level of invasion back to No Treatment ( Figure 3B ).
APC Promotes MDA-MB-231 Cell Chemotaxis through MAPK and PI3K/Akt Activation
Based on previous work that suggested APC is capable of activating the MAPK and PI3K/Akt pathways in other cell types, we investigated whether APC can activate these pathways in the MDA-MB-231 cells and the impact of these pathways on invasion. First, cells were treated with increasing concentrations of APC. As shown in Figure 4A , at all concentrations of APC used, APC activated PI3K as evidenced by increased phosphorylation of Akt. Furthermore, MAPK activity increased in a dose dependent response to APC as evidence by increased phosphorylation of ERK1/2. We further studied the MDA-MB-231 cells using the transwell assays to determine if PI3K and MAPK activity had an impact on APC-promoted cell chemotaxis ( Figure 4B ). LY 294002 was used to inhibit PI3K activity and reduce phosphorylation of Akt. LY 294002 completely reduced P-Akt levels ( Figure 4C ) at 50 μM without affecting cell viability. In the transwell chemotaxis assay, LY 294002 caused a loss of chemotaxis ( Figure 4B ), as expected since this is an important signaling pathway for cell migration. If this pathway was not activated by APC, we would expect that combined APC and LY 294002 treatment would be increased over LY 294002 alone. However, APC and LY 294002 treatment was the same as LY 294002 treatment alone ( Figure 4B ), indicating that APC promotes cell migration through a PI3K dependent pathway.
The PD 98059 compound was used to inhibit MEK1/2 phosphorylation of ERK1/2 ( Figure  4E ). The 20 μM concentration was used in the transwell assay as it did not inhibit cell survival as seen with higher concentrations. Because the MAPK pathway is an important signaling pathway for cell migration, treatment with the PD 98059 compound alone reduced chemotaxis ( Figure 4D ). Combined APC and PD 98059 treatment was reduced to the same level as PD 98059 treatment alone; suggesting that APC promoted cell migration also depends on MAPK activity.
Notably, chemotaxis assays were also performed using a c JUN inhibitor, SP 600125, which inhibits JNK phosphorylation. Despite the documented links between the JNK pathway and EGFR activation [31] and PAR-1 activation [32] , treatment with SP 600125 did not inhibit APC induced chemotaxis (data not shown), suggesting that the JNK pathway is not involved in APC mediated motility.
APC Promotes MDA-MB-231Cell Motility through EGFR Activation
Having established that EGFR activation is involved in the ability of APC to promote chemotaxis and angiogenesis in endothelial cells, we investigated whether EGFR activation is also involved in the chemotaxis and invasion of MDA-MB-231 breast cancer cells in response to APC. We verified through immunofluorescence the expression of EGFR on the cell surface ( Figure 5A ). To confirm this receptor was functional, MDA-MB-231 cells were treated with EGF and cellular viability was measured using a MTT assay. MDA-MB-231 cell viability increased in the presence of EGF or EGF and mIgG compared to No Treatment ( Figure 5B ). This increase was abrogated by a blocking antibody to EGFR (20 μg/mL). In the transwell invasion and chemotaxis assay, APC increased invasion approximately 200% over No Treatment and chemotaxis approximately 150% ( Figure 5C ). Treatment with EGFR blocking antibody alone had no effect on cell migration ( Figure 5C ). In contrast, the EGFR blocking antibody substantially reduced APC-promoted invasion and chemotaxis of the MDA-MB-231 cells ( Figure 5C ). These results indicate that in addition to EPCR and PAR-1, a third receptor, EGFR, is involved in the APC-promoted chemotaxis and invasion of the MDA-MB-231 cancer cell line.
APC Promotes MDA-MB-231 Cell Invasion through MMPs
Having observed that MMPs are involved in APC mediated angiogenesis in our ex vivo aortic ring model, we investigated whether MMPs, specifically MMP-2 and/or MMP-9, are involved in the increased invasion of MDA-MB-231 cells in response to APC. It has previously been suggested that APC may directly activate MMPs or increase MMP expression through NFκB activation [33, 34] , which could occur downstream of PI3K and MAPK pathways. Our results suggest that despite NFκB activation, as evidence by degradation of the NFκB inhibitory protein IκB-α [35] (Figure 6A, inset) , no statistically significant changes in MMP-2 or MMP-9 RNA occurred in response to APC. Furthermore, we did not see any evidence of increased protein levels of pro-MMP-2/9 or activated MMP-2/9 fragments as measured by immunoblot (data not shown).
Despite the lack of altered expression and activity of MMP-2/9 in response to APC, we reasoned they might still be involved in elevated invasion of MDA-MB-231 cells based on our results with the murine aortic ring assay. First, a broad-spectrum hydroxamate inhibitor of MMPs, GM 6001, was used to determine if MMPs have a role in APC promoted invasion of the MDA-MB-231 cells. As shown in Figure 6B , GM 6001 treatment reduced invasion compared to No Treatment in a concentration dependent manner as expected due to the reduction of active proteases that can degrade the ECM. GM 6001 and APC together yielded similar results. Because the GM 6001 MMP inhibitor is a broad-spectrum inhibitor, we also used an inhibitor with specificity for only MMP-2 and -9, SB-3CT, to determine if these MMPs were involved in APC-promoted cell invasion. Invasion was reduced in a concentration dependent manner upon SB-3CT treatment alone as expected ( Figure 6C ). With SB-3CT and APC treatment, we see a similar trend ( Figure 6C ). APC activity assays verified that neither GM 6001 nor SB-3CT had an effect on APC activity (data not shown). Combined with the data in Figure 6A , these results imply that MMP activity is necessary for APC induced invasion of MDA-MB-231 cells but that APC does not significantly increase MMP-2/9 activity or expression levels in these cells.
APC Does Not Increase MDA-MB-231 Cell Invasion Through the Plasminogen Activation System
It was previously hypothesized that APC promotes invasion in ovarian and choriocarcinoma cells by altering the balance between uPA and PAI-1 to favor uPA proteolytic activity. If APC were to enhance uPA proteolytic activity, it is possible that the observed changes in PI3K, MAPK, and EGFR activity associated with APC treatment could be mostly due to uPA. We therefore examined this hypothesis with the MDA-MB-231 cell line which expresses both uPA and PAI-1. mRNA levels of uPA and PAI-1 were not altered in the presence of APC (data not shown). To determine if APC was altering the level of free uPA in the media, transwell invasion assays were performed with amiloride, a small molecule inhibitor of uPA, and a blocking antibody to uPA with APC. As shown in Figure 7A , APC or APC and DMSO increased invasion of the MDA-MB-231 cells greater than 150%. The amiloride treatment alone reduced invasion to approximately 70% of No Treatment. This result was expected since uPA was inhibited, reducing the activation of plasminogen and MMPs, which mediate cellular invasion. If uPA was a key component to the mechanism by which APC promoted invasion, then the treatment of APC and amiloride should have the same result as amiloride treatment alone. However, APC still increased invasion of the MDA-MB-231 cells even when uPA was inhibited, indicating that APC promotes cell invasion through a mechanism other than through uPA. APC activity assays verified that APC was not inhibited by amiloride (data not shown). To further confirm that uPA was not involved in the mechanism, a blocking antibody to the active site of uPA was used in the transwell invasion assay ( Figure 7B ). As was found with amiloride, even in the presence of the uPA-blocking antibody, APC was able to increase cell invasion approximately 150% compared to No Treatment.
To determine if PAI-1 has a role in APC-promoted increase in invasion, a blocking antibody to PAI-1 was used along with APC in the transwell invasion assays ( Figure 7C ). In contrast to control goat IgG, the blocking antibody to PAI-1 increased invasion approximately the same amount compared to APC. With limited PAI-1 activity to inhibit uPA, the serine protease can more freely activate proteases that degrade the ECM, such as plasminogen and MMPs. Interestingly, the addition of APC with the blocking antibody to PAI-1 had an additive effect, increasing invasion further (to approximately 350% compared to No Treatment) over PAI-1 blocking antibody alone ( Figure 1C) . These results suggest that APC promotes invasion of the MDA-MB-231 cells by a mechanism distinct from altering the ratio between uPA and PAI-1 that favors uPA proteolytic activity.
DISCUSSION
In this study, we utilize in vitro and ex vivo models to show that APC can promote angiogenesis in both human and murine endothelial cells through MMP activation and EGFR transactivation -mechanisms that have been proposed for APC mediated motility in other cell types.
Furthermore, based on previous findings and our own observations, we extended this examination to determine the mechanisms that govern APC promoted motility and invasion in MDA-MB-231 breast cancer cells. In both cell types, we found a common pathway whereby APC promotes angiogenesis and invasion, by activating MMPs and activating EGFR. Using blocking antibodies to EPCR, PAR-1, and EGFR with the breast cancer cells, we found that APC interacts with all three receptors to promote invasion. Our results imply that interaction of these three receptors with APC activates the PI3K and MAPK pathways and that activation of these pathways is necessary for APC to promote migration and invasion.
APC increases HUVEC invasion and migration at optimal concentrations of 0.1 μg/mL and 0.5 μg/mL, respectively. Furthermore, APC promotes tube like structures in HUVEC at 0.1 μg/ml. These two concentrations of active protease, (0.1 μg/ml = 1.8 nM and 0.5 μg/ml = 8.8 nM) are significantly lower than zymogen PC in plasma (~4 μg/mL or ~71 nM), from which the active protease is derived, and are much less then what have been previously used to show that APC promotes HUVEC proliferation and tube formation [20] . However, these concentrations of APC are similar to those used previously to show that APC can regulate intracellular calcium fluxes [36] . Therefore, the effects of APC described here with HUVEC are likely relevant to physiological concentrations of protein C/APC. By contrast, while higher concentrations of APC were required to detect statistically significant changes in chemotaxis and invasion transwell assays with the MDA-MB-231 cells, 0.1 μg/ml APC was sufficient to activate PI3K and MAPK signaling.
Besides activation of PI3K and MAPK signaling, we also observed activation of NFκB in the MDA-MB-231 cells in response to APC, a finding that contrasts observations in other cell types. Notably, APC has been shown to inhibit endotoxin-induced NFκB nuclear translocation in monocytic cells [37] and APC down-regulates tPA-induced NFκB activity in ischemic endothelial cells, thereby reducing MMP-9 activation [38] . The precise mechanism by which APC could instead activate NFκB in breast cancer cells remains unclear. However, cross-talk between PI3K, MAPK, and NFκB is possible, given the observation that breast cancer cells exhibit a unique positive correlation between PI3K/MAPK signaling and NFκB activation [39] [40] [41] .
Using the murine ex vivo aortic ring assay, we show that APC increases sprout formation of vWF-positive endothelial cells and that this effect is dependent on MMP and EGFR activation. Notably, this phenomenon was only observed at a higher concentration of APC (10 μg/ml) than the optimal concentration observed for human cells in culture. In one study, the concentration of human APC that effectively reduced the volume of cerebral infarct and increased cerebral blood flow post-onset of stroke in mice was 2 mg/kg [42] . In contrast, similar studies done with murine APC showed that the same beneficial effects can be seen using 10 times less, 0.2 mg/kg [38, 43] . Therefore, it is likely that the requirement for higher concentrations in the murine aortic ring assay is a function of species differences, further suggesting that the effects of APC observed in this study are relevant to physiological concentrations of APC/PC.
Using pharmacological inhibitors in the transwell chemotaxis assays, along with western blot analysis, we show that APC activates the PI3K and MAPK pathways to increase motility of the MDA-MB-231 cells. Based on this study and our results of chemotaxis [23] , we suggest that APC is focused at the cell surface through its binding to EPCR and that PAR-1 is subsequently cleaved by APC-bound to EPCR [38] . Furthermore, the results suggest that APC also transactivates EGFR, and that this activity is required to promote motility in the MDA-MB-231 cells.
There are many possible mechanisms whereby PAR-1 and EGFR could work in concert in response to APC to promote motility via activation of PI3K and MAPK signaling. First, APC could bind directly to EGFR, like recently shown for another serine protease, tissue plasminogen activator [44] , and directly activate MAPK signaling through Ras [45] . Second, PAR-1 activation mediated by APC cleavage would lead to Gα or β/γ subunits activating cSrc. c-Src can directly activate PI3K and could also mediate phosphorylation of Tyr 845 on the cytoplasmic tail of EGFR [46] , subsequently activating MAPK signaling via Ras. There is proof of principle for this mechanism. Via EPCR and PAR-1, APC has been shown to transactivate another receptor, sphingosine-1-phosphate1 receptor, which affects vascular permeability of endothelial cells [47] . Third, PAR-1 could possibly activate the TNF-alpha converting enzyme (TACE; ADAM-17), a membrane-bound disintegrin metalloprotease that processes membrane-associated cytokines such as heparin bound-EGF (HB-EGF) or other EGFR-family member ligands to transactivate EGFR [48, 49] . HB-EGF would bind to the ligand-binding domain of EGFR, leading to the phosphorylation of the receptor and activation of Ras [50] [51] [52] . In any mechanism in which Ras is activated, there is a potential for PI3K activation as Ras has been shown to directly activate PI3K [53] . Our results do not favor the direct activation of EGFR by APC, but suggest that APC-EPCR interactions through PAR-1 promote either the transphosphorylation of EGFR (since the EGFR blocking antibody reduced motility in the presence of APC) or by ADAM-17-directed ligand transactivation (since the MMP inhibitor GM 6001 is also known to inhibit ADAM-17).
Within the context of the MDA-MB-231 breast cancer cells, our results suggest a shift away from other mechanistic paradigms that suggest the primary role of APC in motility involves the regulation of pericellular proteolysis. There is prior evidence that APC directly activates MMPs, specifically MMP-2. Through zymography, APC was also shown to activate MMP-2 from the intermediate to fully active form [16, 18, 54] , independent of MT1-MMP [16, 54] . Additionally, it has also been shown that solution phase APC [16, 54] and APC generated on the cell surface in the presence of thrombin bound to TM can activate MMP-2 [18] . Furthermore, it has been suggested that APC can promote increased expression of MMP-2 [17, 19] . In our study we found that MMP activity, specifically MMP-2 and MMP-9 activity, is required for APC to promote invasion. However, we did not observe significant changes in either MMP-2 or MMP-9 RNA expression. We also did not observe differences in protein levels of pro-MMP-2/9 or any difference in the amount of active MMP2/9 in culture media in response to APC. These results suggest that while some basal level of MMP-2/9 activity is required to initiate pericellular proteolysis of the extracellular matrix in response to APC, treatment with APC is not significantly increasing MMP expression or activity in the MDA-MB-231 cells. It is likely that high levels of uPA as well as signaling cascades that can promote MMP expression, such as MAPK signaling, lead to high basal activity and expression of MMP-2/9 that is not significantly altered by APC treatment.
In a similar regard, our results with the MDA-MB-231 cells also differ from previous studies which suggest that APC promotes motility through inhibition of PAI-1 with subsequent activation of uPA. Kobayashi, et al. [10] found that exogenously added APC increased invasion of cancer cells in vitro by forming a stable complex with the serpin, PAI-1 and thereby APC promotes invasion by increasing uPA activity [10] . However, in our study, blocking uPA with either the chemical inhibitor amiloride or a blocking antibody to its active site did not alter the ability of APC to promote invasion of the MDA-MB-231 breast cancer cells. Moreover, in the presence of a PAI-1 blocking antibody and APC, there was an additive effect to promote invasion. The observation that APC does not promote motility through the plasminogen activator system, taken together with our findings about the role of MMP's in breast cancer cell motility, suggests that APC promotes motility of the MDA-MB-231 cells largely as a consequence of its ability to activate EGFR, MAPK, and PI3K associated signaling cascades.
In summary, our results show that APC promotes endothelial motility via activation of EGFR and MMP's, both in vitro and ex vivo. With regard to our unique findings with the MDA-MB-231 cells, our results show an interesting interdependent nature of the pathways that are activated by APC to increase motility. Blocking of any one of the three involved receptors, (EPCR, PAR-1 or EGFR), or inhibition of MMP-2 and/or MMP-9 results in a loss of the increase in motility promoted by APC. Overall, the effect of APC is coordinated with both intracellular activation of signaling pathways, which promote motility, and with some level of pericellular activation of MMPs, which primes the cells to respond to chemoattractants at an increased rate. (A) Cells were treated with increasing concentrations of APC (0, 0.1, 1, and 10 μg/ml) for 24 h and cell lysates were immunoblotted for phosphorylated and total Akt, as well as phophorylated ERK1/2 and total ERK2. Additionally, cells were treated with increasing concentrations of (C) LY294002 (0-50 μM) and (E) PD98059 (0-50 μM), or (C and E) DMSO for 12 h to determine the optimal concentration of each inhibitor to be used in the transwell assay. Cells lysates were probed for phosphorylated and total Akt (C), phosphorylated ERK1/2 and ERK 2 (E), tubulin (C), and actin (E). Western blots shown are representative of 3 separate experiments. In 12 h transwell chemotaxis assay, cells were pretreated with 50 μM LY 294002 (B) or 20 μM PD 98059 (D) for 45 minutes prior to the addition of APC (10 μg/mL). Cells migrated toward 10% FBS containing media for 12 h. Graphs represent the averages of 9 experiments for (B) and 8 experiments for (D). * p<0.05, ** p<0.01, *** p<0.001 compared to No Treatment; aa p<0.01 compared to APC treatment. Cells were pretreated with 0.2 mM amiloride (A), 20 μg/mL anti-uPA (B), 20 μg/mL anti-PAI-1 (C), and corresponding control antibodies for 1 h prior to the addition of 10 μg/mL APC. Cells invaded and migrated towards 10% FBS containing media for 24 h. Graphs represent the average of 3 separate experiments; * p<0.05, ** p<0.01 compared to No Treatment; a p<0.05, aaa p<0.001 compared to APC treatment; b p<0.05, bb p<0.01 compared to amiloride/antiuPA/anti-PAI-1 treatment.
